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Episodic ataxia type-2 (EA2) is an inherited movement disorder caused by mutations in the gene encoding the Cav2.1�1 subunit of the
P/Q-type voltage-gated calcium channel that result in an overall reduction in the P/Q-type calcium current. A consequence of these
mutations is loss of precision of pacemaking in cerebellar Purkinje cells. This diminished precision reduces the information encoded by
Purkinje cells and is thought to contribute to symptoms associated with this disorder. The loss of the precision of pacemaking in EA2 is
the consequence of reduced activation of calcium-dependent potassium channels (KCa ) by the smaller calcium current and in vitro can be
pharmacologically restored by KCa activators. We used a well established mouse model of EA2, the tottering (tg/tg) mouse, to examine the
potential therapeutic utility of one such Food and Drug Administration (FDA)-approved compound, chlorzoxazone (CHZ). Compared
with wild-type Purkinje cells, we found the firing rate of tg/tg Purkinje cells in acutely prepared cerebellar slices to be very irregular. Bath
application of CHZ successfully restored the precision of pacemaking in a dose-dependent manner. Oral administration of CHZ to tg/tg
mice improved their baseline motor performance and reduced the severity, frequency, and duration of episodes of dyskinesia without
producing any adverse effects. We propose the use of CHZ, which is currently FDA approved as a muscle relaxant, as a safe and novel
treatment of EA2.

Introduction
Episodic ataxia type-2 (EA2) is a rare neurological disorder
caused by mutations in the gene encoding the Cav2.1�1 subunit
of the P/Q-type voltage-dependent calcium channel (Ophoff et
al., 1996). The mutations associated with EA2 significantly re-
duce the P/Q-type calcium current (Fletcher et al., 1996; Dove et
al., 1998; Barclay et al., 2001). Patients suffering from EA2 have
transient attacks of ataxia, instability, and dyskinesia with pro-
gressive inter-episode dystonia, general weakness, and mild
ataxia (Jen et al., 2007). These episodes are triggered by diverse
stressors ranging from psychological stress and exercise to caf-
feine and ethanol (Jen et al., 2007). The symptoms are primarily
cerebellar in origin (Jen et al., 2007).

Because of the reduction in the P/Q-type calcium current as-
sociated with EA2 mutations, the precision of Purkinje cell pace-
making is reduced in several animal models of this disorder
(Walter et al., 2006). Consequently, the ability of Purkinje cells
to encode motor-related information is significantly reduced
(Walter et al., 2006). It is suggested that the loss in the precision of
Purkinje cell pacemaking contributes to EA2 symptoms (Walter
et al., 2006).

The mechanism by which P/Q-type calcium channels regulate
pacemaking in Purkinje cells is well understood. With each action
potential, the calcium that enters the Purkinje cell via these
voltage-gated channels activates calcium-dependent potassium
(KCa) channels (Womack et al., 2004). The increase in the KCa

conductance, particularly of the small-conductance type (SK
channels), sets the duration of individual interspike intervals in
Purkinje cells (Womack et al., 2004; Walter et al., 2006). In sup-
port of this mechanism, in animal models of EA2, the irregular
pacemaking of Purkinje cells can be restored to precision levels
comparable with that of wild type by pharmacological activation
of SK channels with 1-ethyl-2-benzimidazolinone (1-EBIO)
(Walter et al., 2006). Even more intriguing is the finding that
chronic perfusion of 1-EBIO into the cerebellum of the ataxic
mice reduced baseline ataxia and the episodes of dyskinesia
(Walter et al., 2006). Although these experiments serve as proof
of concept and suggest that KCa channels might be an appropriate
therapeutic target for treatment of EA2, it remains to be estab-
lished whether systemic administration of such compounds is
similarly effective. Because current therapeutic approaches for
treatment of EA2 are limited (Jen et al., 2007), we explored the
potential use of KCa activators by examining the efficacy of a
structurally related (Syme et al., 2000; Cao et al., 2001), Food and
Drug Administration (FDA)-approved compound, chlorzoxa-
zone (CHZ).

We find that the firing of Purkinje cells in a well established
animal model of EA2, tottering (tg/tg) mice, is very irregular and
that CHZ effectively restores the precision of the pacemaking.
Behaviorally, oral administration of CHZ reduced the basal
ataxia of tg/tg mice and also lessened the probability that animals
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had episodes of stress-induced dyskinesia. At the concentrations
used, no adverse effects of CHZ were noted. Our results strongly
support the notion that SK channel activators are a promising
group of therapeutic agents for treatment of the motor abnor-
malities associated with EA2.

Materials and Methods
Mutant mice (tg/tg) and wild-type mice (�/�) were originally purchased
from The Jackson Laboratory and subsequently bred, genotyped, and
kindly provided by Dr. Ellen Hess (Johns Hopkins University, Baltimore,
MD). tg/tg mice are inbred on the C57BL/6J strain for at least 25 gener-
ations. For control experiments, a different set of wild-type C57BL/6J
mice were obtained from Charles River-Kingston (supplemental Mate-
rial 1, available at www.jneurosci.org as supplemental material). All pro-
cedures used were in accordance with the policies established by the
Animal Institute Committee of the Albert Einstein College of Medicine.

Preparation of cerebellar slices. Mice (3– 4 weeks old) were anesthetized
with halothane and decapitated. The brain was quickly removed and
placed on cold extracellular solution containing the following (in mM):
125 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, and 10
glucose, pH 7.4 (when gassed with 95% O2/5% CO2). The cerebellum
was dissected and mounted on a modified Oxford vibratome, and 300-
�m-thick sagittal slices were made. The slices were kept in oxygenated
extracellular solution at 34°C for 1 h and then at room temperature until
use (typically within 1–5 h of preparation).

Extracellular recording. Slices were placed in a recording chamber on
the stage of a Carl Zeiss Axioskop microscope. Purkinje cells were visually
identified using a 40� water-immersion objective with infrared optics.
The slices were superfused with the recording solution, and the temper-
ature was adjusted to 35 � 1°C. Measurements of spontaneous firing rate
were made in the presence of 5 mM kynurenic acid (Spectrum Chemical
Mfg Corporation), a broad-spectrum ionotropic glutamate receptor an-
tagonist (Stone, 1993), and 100 �M picrotoxin (Sigma), a GABAA chan-
nel blocker (Yoon et al., 1993).

Extracellular recordings were obtained from single Purkinje cells using
a home-made differential amplifier and glass pipette electrodes filled
with extracellular solution. With this type of recording, activity of Pur-
kinje cells can be monitored for periods in excess of 4 –5 h without any
noticeable change in the pattern or rate of their activity (Womack and
Khodakhah, 2002). Data was sampled at 10 kHz using an analog-to-
digital converter (PCI-MIO-16XE-10; National Instruments) and ac-
quired and analyzed using custom software written in LabView (National
Instruments).

Chlorzoxazone and NS1619 (1,3-dihydro-1-[2-hydroxy-5-(trifluoro-
methyl) phenyl]-5-(trifluoromethyl)-2H-benzimidazol-2-one) were
purchased from Sigma, and iberiotoxin (Ibtx) was obtained from Tocris
Bioscience.

Behavioral analysis. We used the accelerating rotarod test as a para-
digm to examine motor performance (Walter et al., 2006; Crawley,
2008). The apparatus consisted of a 3-cm-diameter rotating rod (Rota-
mex-5; Columbus Instruments) elevated 55 cm above a covered plat-
form. Each trial started from stationary position accelerating at a rate of
0.1 cm/s every second. Speed and latency to fall of the animals were
automatically recorded by an interfaced computer. Every day, tg/tg and
�/� mice (4 –5 months old) were tested in 10 consecutive trials.

To quantify the frequency, severity, and duration of episodes of dys-
kinesia observed in tg/tg mice, the overall motor behavior was scored
every 10 min before and after each rotarod session for up to 2 h. The
scoring followed a previously published scale (Weisz et al., 2005) as
follows: 0, normal motor behavior; 1, slightly slowed or abnormal
movements; 2, mild impairments, limited ambulation unless dis-
turbed; 3, moderate impairment, limited ambulation even when dis-
turbed, frequent abnormal postures; 4, severe impairment, almost no
ambulation, sustained abnormal postures; 5, prolonged immobility
in abnormal postures.

The stress and exertion associated with the rotarod trials resulted in
long-lasting episodes of paroxysmal dyskinesia. The severe attacks (four
to five) typically last for 30 – 60 min and are very stereotyped. These

attacks start with the involuntary extension of hindlimbs, followed by
lowering of the hips and extending the knees, ankles, and paws. Through-
out these movements, the back is abnormally arched. This posturing then
spreads to the rest of the body, with particularly severe contractions of the
neck and face muscles (Campbell et al., 1999). Most of these character-
istics are notable every time a tg/tg mouse has a severe attack, making the
severe episodes (four to five) unambiguously distinguishable from
milder motor impairments (levels 2–3).

Scoring of the severity of the symptoms was performed by one of the
authors with previous knowledge of the treatment implemented. To as-
certain that this scoring was not biased, a few colleagues who were blind
to the treatment were also asked to provide dyskinesia scores by review-
ing a number of videotaped episodes. There were no significant or con-
sistent differences between the scores assigned by five such observers
blind to the treatment of the mice and the scores obtained by ourselves.

CHZ was orally administrated to tg/tg and �/� mice by adding it to
their drinking water. The CHZ solution was prepared fresh every day by
adding CHZ to a 0.1% solution of hydroxypropyl-�-cyclodextrin (Tocris
Bioscience) and then adding a few drops of 1N NaOH until CHZ was
fully dissolved. The solution was supplemented with 10% sucrose to
improve its taste and thus to ensure its consumption. To improve the
accuracy of the water consumption measurements, the large water bottle
in the cages were replaced with graduated 15 ml plastic tubes. The weight
of the animals and the extent of their water intake were monitored daily
throughout the experiment.

Because rodents are nocturnal, all behavioral tests were performed
during their dark cycle. All data are reported as mean � SEM. Data
were analyzed using one-way ANOVA, followed by Bonferroni’s mul-
tiple comparison test and were considered to be statistically signifi-
cant if p � 0.05.

Results
Pacemaking of Purkinje cells of the tg/tg mice is very irregular
To investigate the efficacy of CHZ, we used a well established
animal model of EA2, namely the tg/tg mice (Jen et al., 2007).
Because of a spontaneous mutation in the P/Q-type calcium
channel, these mice suffer from a movement disorder that has
remarkable resemblance to EA2 in humans (Wakamori et al.,
1998; Jen et al., 2007). tg/tg mice have basal ataxia that becomes
more severe with age and, like humans with EA2, manifest epi-
sodes of imbalance and dyskinesia triggered by a diverse set of
stressors (Pietrobon, 2005), although the severity of the dyskine-
sia in these mice is more severe than that typically seen in patients.

We monitored the activity of �/� and tg/tg Purkinje cells by
extracellularly recording their firing rate in acutely prepared cer-
ebellar slices. To ensure that the recorded activity was solely in-
trinsic and not affected by synaptic inputs, fast excitatory and
inhibitory synaptic transmissions were pharmacologically
blocked. Consistent with that seen in other animals models of
EA2 (Walter et al., 2006) and in tg/tg mice in vivo (Hoebeek et al.,
2005), the pacemaking of Purkinje cells in slices made from tg/tg
mice was significantly more irregular compared with that seen in
Purkinje cells of �/� mice (Fig. 1). Raw traces of the spontane-
ous activity of �/� and tg/tg Purkinje cell are shown in Figure
1A. The irregularity of the pacemaking of the tg/tg Purkinje cell
compared with the regular pacemaking of the �/� is evident
from their corresponding interspike interval autocorrelograms
shown in Figure 1B. As can be noted, compared with that of the
�/� Purkinje cells, the tg/tg autocorrelogram shows diminished
peaks and wider distributions.

To quantify the irregularity, for each cell studied, we calcu-
lated the coefficient of variation (CV) of the interspike interval
(Fig. 1B,C). The average CV in �/� Purkinje cells was 0.07 �
0.01 (Fig. 1C) (n � 22 cells, 3 mice), whereas in tg/tg, it was 0.19 �
0.02 (n � 24 cells, 3 mice; p � 0.001). In addition, the spread of
CV values in tg/tg cells was higher than in the �/� (Fig. 1C).
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Despite the higher irregularity, the firing rate was not different
between �/� and tg/tg Purkinje cells (Fig. 1D), and the average
predominant firing rate was 79.4 � 5.6 spikes/s in �/� com-
pared with 70.6 � 4.7 spikes/s in tg/tg Purkinje cells ( p � 0.1).

Chlorzoxazone restores the precision of pacemaking of tg/tg
Purkinje cells
In the ducky mouse, an animal model of EA2 with a less severe
phenotype (Brodbeck et al., 2002), we have shown previously that

the SK channel activator 1-EBIO reduces
the irregularity of Purkinje cell pacemaking
(Walter et al., 2006). We thus examined
whether the FDA-approved compound
CHZ was similarly efficacious in restoring
the precision of pacemaking in tg/tg Pur-
kinje cells. We monitored the activity of
Purkinje cells in slices as described previ-
ous and then added CHZ to the bathing
solution (Fig. 1B). We found that CHZ
effectively and dose dependently made the
firing of tg/tg Purkinje cells more regular
(Fig. 1B), a finding that is quantitatively
reflected in the CV of interspike intervals
(Fig. 1C). In the seven cells examined
(three mice), the average CV of the tg/tg
Purkinje cells under control conditions
was 0.21 � 0.03. Application of 30 �M

CHZ reduced the CV to 0.11 � 0.01 ( p �
0.05 vs control), and 60 �M reduced it fur-
ther to 0.08 � 0.004 ( p � 0.01 vs control),
a value that was not significantly different
from the CV obtained in �/� Purkinje
cells ( p � 0.1). At a concentration of 30
�M, CHZ did not significantly affect the
baseline firing rate of tg/tg Purkinje cells
(the firing rate was 70.1 � 4.5 spikes/s in
control vs 64.8 � 4.6 spikes/s in 30 �M

CHZ; p � 0.1), whereas 60 �M CHZ mar-
ginally reduced it to 59.6 � 3.6 spikes/s
( p � 0.1 vs control) (Fig. 1D). The prom-
inent effect of CHZ in reducing the CV of
interspike intervals, however, was pro-
duced mainly by reducing the irregularity
because 30 and 60 �M CHZ decreased the
interspike interval SDs by 74 and 176%,
respectively, whereas the average firing
rates were only reduced by 21 and 33%.
Thus, 30 – 60 �M CHZ can be effectively
used to restore the precision of pacemak-
ing in tg/tg Purkinje cells. It is intriguing
that this concentration range is equivalent
to the plasma concentration of CHZ
found in rats after a clinically relevant
dose (Kwon, 2003).

To restore the precision of pacemak-
ing, consistent with its efficacy in activat-
ing SK channels, 1-EBIO increases the
amplitude of the AHP in Purkinje cells
(Walter et al., 2006). To determine the ef-
fects of CHZ on the action potential wave-
form, we examined the extracellularly
recorded spikes that represent the derivate
of the membrane potential. In this con-

text, the negative deflection corresponds to the upstroke of the
action potential and the positive deflection to the downstroke of
the action potential and its AHP. CHZ dose dependently in-
creased both the magnitude (Fig. 1E) and the time from start of
the negative deflection to peak positive deflection (0.86 � 0.06
ms in control; 1.01 � 0.05 ms in 30 �M CHZ, p � 0.1; and 1.22 �
0.11 ms in 60 �M CHZ, p � 0.05; n � 9) (Fig. 1F). These data are
consistent with the actions of 1-EBIO on the AHP reported pre-
viously (Walter et al., 2006) and the hypothesis that CHZ restores

Figure 1. CHZ decreases the irregularity of the intrinsic pacemaking of tg/tg Purkinje cells. A, Raw traces from extracellular
recordings from wild-type (�/�; wt) and tg/tg Purkinje cells, with their interspike interval autocorrelograms below. Note the
irregular firing of the tg/tg cell. B, CHZ dose dependently decreased the variation of the interspike interval in a tg/tg Purkinje cell
whose spontaneous activity was extracellularly recorded. C, Average and individual values (circles) of the coefficient of variation of
the interspike intervals in �/� and tg/tg Purkinje cells. Note the higher values and the wider distribution of coefficient of
variation in the mutant cells. *p � 0.05, **p � 0.01, ***p � 0.001 (one-way ANOVA, followed by Bonferroni’s correction); n �
24 cells for tg/tg mice and n � 19 cells for �/� mice. D, Average and individual (circles) firing rates of the �/� and tg/tg
Purkinje cells shown in C. n.s., Not significant. E, CHZ increased the magnitude of the positive deflection of the spikes recorded
extracellularly in tg/tg Purkinje cells. The expanded figure shows an averaged trace of the activity of seven cells, in control and after
adding CHZ at 60 �M. F, Average magnitude of the positive deflection in control and after adding CHZ in increasing concentrations.
*p � 0.05 (one-way ANOVA, followed by Bonferroni’s correction).
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the precision of tg/tg Purkinje cell pace-
making by increasing the magnitude of
the current carried by the calcium-
dependent potassium channels.

In summary, these data demonstrate
that CHZ effectively restores the precision
of pacemaking in the mutant Purkinje
cells in cerebellar slices in vitro. In agree-
ment with such a mechanism of action, we
note that systemic in vivo administration
of a related compound, zoxazolamine, has
been shown to transform the irregular fir-
ing of adult rat nigrostriatal dopaminergic
neurons into a stable regular firing pattern
(Matthews et al., 1984).

Modulators of BK channels do not alter
the pacemaking of adult Purkinje cells
Although selective for KCa channels, CHZ
activates both SK and BK channels (Syme
et al., 2000; Cao et al., 2001; Liu et al.,
2003), and thus its efficacy in restoring the
precision of pacemaking in the tg/tg
mouse Purkinje cells might be the conse-
quence of activation of both SK and BK
channels. Because previous experiments
have shown that SK-specific activators
such as 1-EBIO are effective in restoring
the precision of pacemaking (Walter et
al., 2006), here we examined the potential
efficacy of BK channels in this process.
We did so using two complementary
approaches. In the first, we explored
whether in the presence of BK channel
blockers CHZ remained efficacious in im-
posing regularity in the erratic activity of
Purkinje cells in which calcium channels
were partially blocked by low concentra-
tions of cadmium (Walter et al., 2006). In
the second, we directly tested the efficacy
of a BK-selective compound in restoring
the precision of pacemaking.

The activity of Purkinje cells in acutely
prepared cerebellar slices of adult C57BL/6J
mice was recorded extracellularly. Addition
of blockers of fast synaptic transmission
(kynurenic acid and picrotoxin) ensured
that the recorded activity represented the
intrinsic pacemaking of these neurons. To
block calcium channels (which in Pur-
kinje cells are primarily of P/Q-type), low
concentrations of cadmium chloride (5–15
�M) were sequentially bath applied until
the very regular pacemaking of Purkinje
cells became erratic (Walter et al., 2006).
This was done quantitatively by measur-
ing the coefficient of variation of their in-
terspike intervals online (Fig. 2A). We
first tested whether CHZ remained effec-
tive in restoring the precision of pacemak-
ing when BK channels were blocked with
Ibtx (Candia et al., 1992). As can be seen,
low concentrations of cadmium increased

Figure 2. CHZ decreases the irregularity pacemaking through SK channels. A, The precision of pacemaking of a wild-type
cerebellar Purkinje cell was monitored by following coefficient of variation of its interspike intervals. Addition of low
concentration of cadmium to partially block voltage-gated calcium channels made the firing of the cell irregular. Iberio-
toxin at 100 nM was then added to block BK channels. Despite the blockade of BK channels, 30 �M CHZ restored the precision
of pacemaking to control conditions. The average coefficient of variation of interspike intervals (B) and firing rate (C) of five
Purkinje cells following the experimental procedure described in A. *p � 0.05 (one-way ANOVA, followed by Bonferroni’s
correction). n.s., Not significant. D, The pacemaking of a Purkinje cell was made irregular with addition of cadmium, and
the selective BK channel activator NS1619 was bath applied at a concentration of 30 �M. Although NS1619 was ineffective
in restoring the precision of pacemaking, subsequent addition of 30 �M CHZ returned the coefficient of variation of
interspike intervals to pre-cadmium levels. The average coefficient of variation of interspike intervals (E) and firing rate (F )
of all the Purkinje cells examined following the experimental procedure described in D. *p � 0.05; n.s., Not significant; Ctrl,
control; NS, NS1619.
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the CV from 0.06 � 0.01 to 0.13 � 0.02 ( p � 0.05; n � 5 cells, 3
mice) (Fig. 2A,B), a value close to that seen in the tg/tg mice. At
these low concentrations, although addition of cadmium made
firing of Purkinje cells erratic, it did not significantly alter their
firing rate (54.0 � 4.0 and 57.8 � 6.8 spikes/s in control and
cadmium, respectively; p � 0.4) (Fig. 2C). In none of the adult
Purkinje cells examined did application of 100 nM iberiotoxin
change the firing rate (63.2 � 11.2 spikes/s; p � 0.4 compared
with cadmium) (Fig. 2C) or the coefficient of variation of inter-
spike intervals (0.13 � 0.02; p � 0.1 vs cadmium) (Fig. 2A,B).
However, subsequent addition of 30 �M CHZ in the presence of
Ibtx reduced the CV of interspike intervals to levels similar to
control conditions (0.07 � 0.01, p � 0.05 vs Ibtx and cadmium;
p � 0.1 vs control conditions) (Fig. 2A,B).

As a complementary approach, we then examined the efficacy
of the specific BK channel activator NS1619 (Olesen et al., 1994)
in restoring the precision of pacemaking. Even at a relatively high
concentration of 30 �M, activation of BK channels did not reduce
the irregularity of the Purkinje cell spontaneous activity (CV after
NS1619, 0.12 � 0.01, p � 0.1 compared with cadmium) (Fig.
2D,E). This finding is in agreement with the observation that,
despite having a prominent role in juveniles, BK channels play a
minor role in regulation of pacemaking in adult Purkinje cells
(Womack et al., 2009). In the same cells, addition of 30 �M CHZ
in the presence of NS1619 restored the precision of pacemaking
as indicated by the reduction of interspike interval CV to control
levels (0.05 � 0.01, p � 0.05 vs NS1619 and cadmium and p � 0.1
compared with control) (Fig. 2E).

Ideally, it would be desirable to demonstrate that CHZ can no
longer affect the precision of pacemaking of Purkinje cells when
SK channels are blocked. However, block of SK channels results
in high-frequency (�300 spikes/s) avid bursting in Purkinje cells
(Womack and Khodakhah, 2003), and thus it is not possible to
perform this experiment. Nonetheless, given the pharmacology
of CHZ, the data presented strongly suggest that CHZ restores the
precision of pacemaking in Purkinje cells primarily by activating
SK channels.

Chlorzoxazone significantly improves the baseline motor
performance of tg/tg mice
Given the efficacy of CHZ in restoring the precision of pacemak-
ing of the tg/tg Purkinje cells, we explored whether it can reduce
the motor deficits in these mice. Our main goal was to investigate
the potential use of CHZ as a therapeutic agent. Thus, although

we have shown previously that direct per-
fusion of a similar compound (1-EBIO)
into the cerebellum reduces motor deficits
in tg/tg mice (Walter et al., 2006), here we
tested the efficacy of CHZ when it was ad-
ministered orally by adding it to the
drinking water of the mice. Based on the
data described in the previous section, our
target CSF concentration of CHZ was be-
tween 30 and 60 �M. To achieve this, we
measured the daily water intake of the
mice and found it to be �2.5 ml/d. We
next took into consideration the fact that,
in rats, orally administered CHZ has a
half-life of �60 min, and a single dose of
50 mg/kg results in a plasma concentra-
tion of �90 �M (oral half-life of 57.8 � 7.3
min) (Wan et al., 2006). Based on this, we
estimated that, if the mice maintain their

normal fluid intake, replacement of their drinking water with one
that contains �33 mM CHZ is likely to yield a plasma concentra-
tion of �30 �M. However, at this concentration, the taste of the
solution was significantly changed such that, even with addition
of sucrose to sweeten it, tg/tg mice did not drink it. We thus
reduced the concentration of CHZ to 15 mM to reduce the bitter-
ness of the resulting solution. Although this results in a lower
plasma concentration than that ideally needed, at this concentra-
tion, the daily fluid consumption of mice was comparable with
their consumption of normal water.

To examine motor function, a group of adult tg/tg and adult
�/� mice were trained on an accelerating rotarod (Crawley,
2008) to proficiency (Fig. 3A). CHZ at 15 mM was then added to
the drinking water of both groups. Within a couple days of re-
ceiving CHZ, the performance of tg/tg mice significantly in-
creased (Fig. 3A), whereas the performance of the �/� mice was
not affected. On average, the maximum speed reached by tg/tg
mice was 8.7 � 0.2 rpm (n � 10 mice), which increased to 13.8 �
0.2 rpm ( p � 0.001) during CHZ treatment (Fig. 3B). The per-
formance of the �/� was 34.9 � 0.2 rpm before and 35.5 � 0.4
rpm during administration of CHZ ( p � 0.4). It is important to
note that the attacks of dyskinesia typically started after the last
rotarod trial, and thus the higher performance of the mice with
CHZ reported above mainly reflect improvements in baseline
motor performance rather than reductions in the episodes of
dyskinesia detailed in the next section.

We found no difference in the efficacy of CHZ in reducing
ataxia in the tg/tg mice throughout the 4 week period of treatment
(Fig. 3A). However, after the 4 week CHZ treatment when the
mice were returned to normal drinking water, the motor perfor-
mance of tg/tg mice on the rotarod rapidly decreased to levels
comparable with that before CHZ administration (9.3 � 0.3 rpm,
p � 0.001 vs performance during CHZ treatment; p � 0.1 vs
performance before CHZ treatment) (Fig. 3A,B).

Chlorzoxazone reduces the severity, frequency, and duration
of stress-induced attacks of dyskinesia in tg/tg mice
In addition to their baseline ataxia, various stressors cause severe
episodes of dyskinesia in the tg/tg mice (Weisz et al., 2005; Jen et
al., 2007). In our experimental group of mice, the exercise and the
stress associated with the rotarod paradigm routinely triggered
such episodes. We used these events to examine the efficacy of
CHZ in reducing the probability that stress resulted in an episode.
Moreover, using a published semiquantitative scoring system

Figure 3. Oral administration of CHZ improves motor performance in tg/tg mice. A, The performance of tg/tg (n � 10; orange
symbols) and �/� (n � 11; black symbols) mice was evaluated daily using an accelerating rotarod paradigm. CHZ treatment is
denoted with the vertical bar. CHZ improved the motor performance of tg/tg but not wild-type (wt) mice. B, Maximum speed
achieved before CHZ treatment (average of 5 d), during treatment (CHZ, average of 2 weeks), and after terminating treatment
(Post, average of the last 5 d) for �/� and tg/tg mice. ***p � 0.001 (one-way ANOVA, followed by Bonferroni’s correction). n.s.,
Not significant.
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(Weisz et al., 2005), we also evaluated the
severity of motor disturbances observed.
With this evaluation method, a score of 0
is considered normal and that of 5 corre-
lates with severe motor dysfunction (for
details, see Materials and Methods).

The motor performance of each mouse
was scored for a total observation time of
130 min: 10 min before and every 10 min
for 2 h after the rotarod test. In the graph
shown in Figure 4A, the width and shape
of each bar reflect the average daily score
of all tg/tg mice during the 130 min obser-
vation period. As can be noted in this and
the average dyskinesia score shown in Fig-
ure 4B, CHZ treatment significantly re-
duced the average severity and duration of
the stress-induced dyskinesia in the mice
(supplemental video, available at www.
jneurosci.org as supplemental material).
This was partly because, with CHZ, the
probability that stress induced an attack
was reduced. We first estimated the prob-
ability that the rotarod paradigm resulted
in an episode of dyskinesia independent of
the severity of the attack (anything above
the baseline score). In the absence of
CHZ, the rotarod task resulted in an at-
tack in all the mice, although not in all
cases were these attacks highly severe (Fig.
4C). During CHZ treatment, the proba-
bility that stress induced an attack was
reduced to 74 � 5.0% ( p � 0.001). More-
over, the average severity (Fig. 4D) and
duration of these attacks (Fig. 4E) were
also significantly reduced. The maximum
severity of the episodes of dyskinesia de-
creased from 3.80 � 0.09 to 2.78 � 0.11
( p � 0.001, averaging the first 40 min af-
ter the rotarod session), and the average
duration reduced from 56.5 � 1.3 to
29.9 � 2.2 min ( p � 0.001). The main
reason for the reduction in the average se-
verity of the episodes of dyskinesia was the
large decrease in the probability that the
rotarod session triggered a very severe at-
tack (those with a score of �3.5) (Fig. 4F).
In fact, CHZ treatment reduced the fre-
quency of these highly severe attacks from
an average of 68.9 � 3.0 to 23.6 � 5.2%
( p � 0.001). Furthermore, the frequency
of severe attacks returned to their pre-
treatment values after removal of CHZ
(72.9 � 2.9%, p � 0.001 vs frequency dur-
ing CHZ; p � 0.1 vs frequency of attacks
before CHZ). When the mice showed a
very severe attack, however, these attacks
had comparable severity scores with the
ones triggered before CHZ treatment (Fig. 4G), although their
duration was significantly shorter (Fig. 4H), decreasing from an
average of 53.9 � 1.5 to 34.8 � 2.1 min during CHZ treatment
( p � 0.001) (Fig. 3H). When the CHZ treatment was terminated,
the duration of these attacks returned to their pretreatment levels

(50.1 � 2.0 min, p � 0.001 vs CHZ; p � 0.1 vs pretreatment).
What is noteworthy is that CHZ had comparable efficacy in all
mice. In other words, we did not find that some mice did not have
any attacks whereas some did; the frequency of attacks was re-
duced to a similar extent in all treated mice. The pie charts in

Figure 4. CHZ treatment reduces the frequency and severity of the stress-induced episodes of dyskinesia in tg/tg mice. A, The
attacks of dyskinesia triggered in tg/tg mice as a consequence of the stress associated with the daily rotarod sessions were
quantified in 10 min intervals for each session. A score of 0 denotes normal behavior, whereas a score of 5 corresponds to severe
dyskinesia. During the treatment with CHZ, the average score was significantly reduced. B, The average severity of dyskinesia
before, during, and after treatment with CHZ in the tg/tg mice shown in A. C, The average probability that the rotarod paradigm
resulted in an episode of dyskinesia regardless of the severity of the attack. **p � 0.01, ***p � 0.001 (one-way ANOVA, followed
by Bonferroni’s correction). n.s., Not significant. D, The average severity of all attacks of dyskinesia before, during, and after
treatment with CHZ. E, The duration of the attacks of dyskinesia shown in D. ***p � 0.001. n.s., Not significant. F, The average
probability that the rotarod paradigm resulted in severe episodes of dyskinesia (dyskinesia score �3.5). ***p � 0.001. n.s., Not
significant. G, The average of only severe attacks revealed a significant shortening of the duration of such episodes during the
treatment with CHZ. The graph depicts the progression in severity from before the rotarod session up to 120 min after. H, Average
duration of severe episodes of dyskinesia. ***p � 0.001. n.s., Not significant. I, Summary results on the efficacy of CHZ in
increasing the frequency of sessions in which tg/tg mice were free of symptoms (no attack) and correspondingly increasing the
frequency of sessions in which they had an episode of dyskinesia with a score �3.5 (mild) or one with a score �3.5 (severe).
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Figure 4 I summarize the efficacy of CHZ in reducing the fre-
quency of stress-evoked attacks of dyskinesia in tg/tg mice.

Last, we examined the consequence of long-term treatment of
mice with CHZ using a battery of behavioral tests. As detailed in
supplemental Material 1 (available at www.jneurosci.org as sup-
plemental material), we found that even at higher concentrations
oral administration of CHZ did not affect the cognitive function,
muscle strength, or the overall gross motor performance of wild-
type mice.

Collectively, the data presented indicate that systemic admin-
istration of CHZ is safe and that treatment of tg/tg mice with CHZ
improves their baseline motor performance and also reduces the
overall severity, frequency, and duration of stress-induced epi-
sodes of dyskinesia.

Discussion
Episodic ataxia type-2 and present therapeutic options
One of the most common forms of episodic ataxia is episodic
ataxia type-2 (Jen et al., 2007). Patients affected by this condition
not only have episodic attacks of dyskinesia but also show mild
baseline ataxia that progresses in severity with time (Jen et al.,
2004).

There are presently few therapeutic options, and the only two
viable drugs are acetazolamide (ACTZ) and 4-aminopyridine (4-
AP) (Jen et al., 2007). Although many patients respond well to
ACTZ, which both improves some of the baseline symptoms and
reduces the frequency of episodes of dyskinesia (Strupp et al.,
2007), with time, many become nonresponsive (Jen et al., 2007).
4-AP has been used recently to reduce the symptoms of EA2
(Strupp et al., 2004). Although it is effective in improving base-
line motor coordination and in reducing the frequency and se-
verity of the episodic attacks (Glasauer et al., 2005; Strupp et al.,
2007; Lohle et al., 2008), 4-AP has to be used with caution be-
cause, as a potassium channel blocker, it can be epileptogenic
(Bever et al., 1994; Judge and Bever, 2006). The mechanism of
action of neither of these two drugs in the treatment of EA2 is
fully understood, although it is suggested that ACTZ prevents
elevations in the intracellular pH (Strupp et al., 2007), whereas it
is proposed that 4-AP increases the excitability of Purkinje cells
(Strupp et al., 2008).

Potential mechanisms that contribute to ataxia in EA2
P/Q-type calcium channels that are affected in EA2 are highly
expressed throughout the CNS (Evans and Zamponi, 2006) and
are particularly enriched in axon terminals and in cerebellar Pur-
kinje cells (Mori et al., 1991; Usowicz et al., 1992; Stea et al., 1994).
Calcium influx primarily through these channels mediates synaptic
transmission at CNS nerve endings (Evans and Zamponi, 2006). In
cerebellar Purkinje cells, dendritic P/Q-type calcium channels
generate calcium action potentials (Llinás and Sugimori, 1980),
and somatic ones regulate the precision of pacemaking (Womack
and Khodakhah, 2004; Walter et al., 2006). It has been suggested
recently that irregular firing of cerebellar Purkinje cells contrib-
utes to motor symptoms associated with EA2 (Walter et al.,
2006). The loss in the precision of pacemaking in affected Pur-
kinje cells was found to be caused by reduced activation of KCa

channels as a consequence of the smaller P/Q-type calcium cur-
rent. On the basis of these findings, it was postulated that KCa

channels may constitute a novel therapeutic target in EA2. Con-
sistent with this hypothesis, it was demonstrated that the symp-
toms of tg/tg mice whose cerebella were chronically perfused with
the KCa channel activator 1-EBIO were appreciably reduced. The
tg/tg mice are one of the most studied and best established models

of EA2 (Jinnah et al., 2005). Although the mutation in tg/tg mice
results in a very large decrease in the P/Q calcium current density
and more severe episodes of dyskinesia than typically seen in EA2
patients, these mice have served as a very useful and reliable
model of EA2. At the concentrations used to improve the motor
function of tg/tg mice, the most likely target of 1-EBIO were
cerebellar Purkinje cells and not other principal cells such as the
neurons of the deep cerebellar nuclei (Womack and Khodakhah,
2003; Womack et al., 2004; Walter et al., 2006; Alviña and Khoda-
khah, 2008).

CHZ as a therapeutic agent for the treatment of EA2
Despite the efficacy of perfusion of cerebellum with 1-EBIO in
the tg/tg mice, it is not practical to chronically perfuse agents into
the cerebellum of patients. Moreover, the rarity of this disorder
provides little incentive for pharmaceutical companies to explore
novel agents. We thus explored the efficacy of systematic admin-
istration of CHZ, an FDA-approved analog of 1-EBIO. In slice
experiments, we found that CHZ effectively restored the preci-
sion of pacemaking in tg/tg Purkinje cells. Although CHZ is pres-
ently FDA approved as a centrally acting muscle relaxant (Chou
et al., 2004), its mechanism of action of CHZ as a centrally acting
muscle relaxant is not understood. It is interesting that the con-
centration range of CHZ that restores the precision of pacemak-
ing in Purkinje cells is equivalent to the plasma concentration of
CHZ found in rats after a clinically relevant dose (Kwon, 2003).
Given recent findings that aberrant cerebellar activity can cause
dyskinesia and even dystonia (LeDoux and Lorden, 1998; Richter
and Loscher, 1998; Pizoli et al., 2002), it is possible that the ther-
apeutic efficacy of CHZ as a centrally acting “muscle relaxant”
might be as a consequence of its action on the activity of Purkinje
cells.

When administered orally, CHZ improved the baseline motor
performance and also significantly reduced the severity and fre-
quency of stress-induced attacks of dyskinesia in the tg/tg mice.
CHZ remained effective in reducing the motor symptoms for as
long as it was administered and did not produce tolerance. It
should be noted that our battery of tests did not reveal any adverse
effects of CHZ on either motor function or cognitive tasks in wild-
type mice. In fact, in humans, CHZ produces so few adverse effects
that its rate of degradation by the liver is often used as a measure of
liver function when other novel drugs are administered to human
subjects (Ernstgård et al., 2004, 2007). Unfortunately, the rarity of
EA2 provides little incentive for pharmaceutical companies to ex-
plore novel agents. Our recent data (Alviña and Khodakhah,
2010) also support the notion the therapeutic efficacy of 4-AP in
EA2 might also be a consequence of the ability of 4-AP to restore
the precision of Purkinje cell pacemaking by broadening the du-
ration of action potentials (thus permitting greater calcium in-
flux per action potential). Because 4-AP can have neurologic side
effects in some patients, it might be of value to examine the effi-
cacy of CHZ as an off-label prescription in patients affected with
EA2.

Finally, one could cautiously suggest that CHZ might be effec-
tive in other hereditary ataxias and paroxysmal dyskinesias. For
example, EA2 is allelic to spinocerebellar ataxia type-6 (SCA6),
which is the consequence of CAG repeat expansions within the
P/Q-type calcium channel gene (Zhuchenko et al., 1997). Re-
cently, it has been shown that, without affecting their intrinsic
biophysical properties (gating and kinetics), this mutation results
in an age-dependent decrease in the P/Q-type calcium current
density in cerebellar Purkinje cells as a result of accumulation of
mutated channels (Watase et al., 2008). It is therefore likely that
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the loss of precision of pacemaking seen in Purkinje cells affected
with the EA2 mutation might also be present to some extent in
SCA6 patients and may partially contribute to their symptoms. In
contrast to EA2, there is significant cerebellar neurodegeneration
in SCA6, and it is therefore unlikely that any pharmacological
intervention would be able to rescue motor function to nor-
malcy in this disorder. Nonetheless, at face value and pending
additional investigation, CHZ might be of some value in these
patients and in other cerebellar disorders in which the signal-to-
noise ratio of the output of the cerebellum is reduced as a conse-
quence of a reduction is the precision of encoded information in
individual Purkinje cells or collectively as a whole in the cerebel-
lum as a result of degeneration and thus reduced averaging of the
encoded information by the neurons of the deep cerebellar nu-
clei. In a recent clinical trial in Europe, Riluzole, an activator of
SK channels similar to CHZ, was prescribed to patients suffering
from a diverse set of cerebellar ataxia. Although the reasoning for
prescription of an SK channel activator for these patients was
entirely different from that presented here, it is encouraging to
note that, in this double-blind placebo-controlled study, Riluzole
was found to be extremely efficacious in reducing motor dysfunc-
tion (Ristori et al., 2010).

References
Ahn CY, Kim EJ, Lee I, Kwon JW, Kim WB, Kim SG, Lee MG (2003) Effects

of glucose on the pharmacokinetics of intravenous chlorzoxazone in rats
with acute renal failure induced by uranyl nitrate. J Pharm Sci
92:1604 –1613.

Alviña K, Khodakhah K (2008) Selective regulation of spontaneous activity
of neurons of the deep cerebellar nuclei by N-type calcium channels in
juvenile rats. J Physiol 586:2523–2538.

Alviña K, Khodakhah K (2010) The therapeutic mode of action of
4-aminopyridine in cerebellar ataxia. J Neurosci 30:7258 –7268.

Barclay J, Balaguero N, Mione M, Ackerman SL, Letts VA, Brodbeck J, Canti
C, Meir A, Page KM, Kusumi K, Perez-Reyes E, Lander ES, Frankel WN,
Gardiner RM, Dolphin AC, Rees M (2001) Ducky mouse phenotype of
epilepsy and ataxia is associated with mutations in the Cacna2d2 gene and
decreased calcium channel current in cerebellar Purkinje cells. J Neurosci
21:6095– 6104.

Bever CT Jr, Young D, Anderson PA, Krumholz A, Conway K, Leslie J,
Eddington N, Plaisance KI, Panitch HS, Dhib-Jalbut S (1994) The ef-
fects of 4-aminopyridine in multiple sclerosis patients: results of a ran-
domized, placebo-controlled, double-blind, concentration-controlled,
crossover trial. Neurology 44:1054 –1059.

Brodbeck J, Davies A, Courtney JM, Meir A, Balaguero N, Canti C, Moss FJ,
Page KM, Pratt WS, Hunt SP, Barclay J, Rees M, Dolphin AC (2002) The
ducky mutation in Cacna2d2 results in altered Purkinje cell morphology
and is associated with the expression of a truncated alpha 2 delta-2 protein
with abnormal function. J Biol Chem 277:7684 –7693.

Campbell DB, North JB, Hess EJ (1999) Tottering mouse motor dysfunc-
tion is abolished on the Purkinje cell degeneration (pcd) mutant back-
ground. Exp Neurol 160:268 –278.

Candia S, Garcia ML, Latorre R (1992) Mode of action of iberiotoxin, a
potent blocker of the large conductance Ca 2�-activated K � channel. Bio-
phys J 63:583–590.

Cao Y, Dreixler JC, Roizen JD, Roberts MT, Houamed KM (2001) Modu-
lation of recombinant small-conductance Ca 2�-activated K � channels
by the muscle relaxant chlorzoxazone and structurally related com-
pounds. J Pharmacol Exp Ther 296:683– 689.

Chou R, Peterson K, Helfand M (2004) Comparative efficacy and safety of
skeletal muscle relaxants for spasticity and musculoskeletal conditions: a
systematic review. J Pain Symptom Manage 28:140 –175.

Crawley JN (2008) Behavioral phenotyping strategies for mutant mice.
Neuron 57:809 – 818.

Dove LS, Abbott LC, Griffith WH (1998) Whole-cell and single-channel
analysis of P-type calcium currents in cerebellar Purkinje cells of leaner
mutant mice. J Neurosci 18:7687–7699.

Ernstgård L, Warholm M, Johanson G (2004) Robustness of chlorzoxazone

as an in vivo measure of cytochrome P450 2E1 activity. Br J Clin Pharma-
col 58:190 –200.

Ernstgård L, Johanson G, Karlsson AS, Warholm M (2007) Phenotyping of
cytochrome P450 2E1 in vitro and in vivo. Curr Drug Metab 8:493– 498.

Evans RM, Zamponi GW (2006) Presynaptic Ca 2� channels: integration
centers for neuronal signaling pathways. Trends Neurosci 29:617– 624.

Fletcher CF, Lutz CM, O’Sullivan TN, Shaughnessy JD Jr, Hawkes R, Frankel
WN, Copeland NG, Jenkins NA (1996) Absence epilepsy in tottering
mutant mice is associated with calcium channel defects. Cell 87:607– 617.
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